Large silicon nitride blocks were joined without using any insert material; further the microstructure of the joint region, and joining strength and its Weibull distribution of the joined block were investigated. Commercially available silicon nitride blocks sintered with Y 2 O 3 and Al 2 O 3 were used as the parent material; and the blocks were joined at 1800°C for 4 h under a nitrogen gas pressure of 0.9 MPa and a mechanical pressure of 11 MPa. The equiaxed and/or elongated silicon nitride grains of the parent silicon nitrides seemed to directly bond to each other; moreover, the joint interface was not clearly distinguishable from the parent silicon nitride region. The joined silicon nitride block had a room-temperature flexural strength of 622 MPa. The hightemperature strength of this block at 1000°C was decreased to 426 MPa, in spite of the absence of a joint layer. Further, the joined silicon nitride block had a Weibull modulus comparable to that of the parent silicon nitride.
Introduction
The use of silicon nitride ceramics for fabricating industrial parts employed in manufacturing industries is expected to contribute to energy conservation and product quality improvement, because of their excellent heat and wear resistance, good corrosion resistance, high specific elastic modulus, and low weight. 1) Silicon nitride ceramic parts employed in manufacturing industries are often required to have a length of several meters. However, the potential of conventional manufacturing processes for producing large ceramic parts as single units is limited. This is because (1) huge production facilities are required and (2) green machining prior to sintering is very difficult. One technique to avoid these major problems is joining. We previously proposed the concept of "stereo fabric modeling technology" for the fabrication of large and/or complex ceramic parts by joining small ceramic units. 2) When large ceramic parts are fabricated by joining, the joint area of the parent ceramics is generally large. Many researchers have reported on the joining of various ceramics such as silicon nitride, silicon carbide, and alumina by heat treatments.
3) 14) However, the parent ceramics used in these researches had small joint areas of less than 400 mm 2 . An increase in the size of ceramic parts and the joint area would lead to degradation of mechanical reliability such as a decrease in joining strength and an increase in strength variability.
Furthermore, large silicon nitride parts are mostly used under high-temperature and corrosive conditions, and good sealing performance is required against fluid gas and liquid. Thus, joined silicon nitride parts are required to have suitable mechanical, chemical, and thermal properties that are comparable to those of the parent silicon nitride. This can be accomplished if the microstructure and chemical composition of the joint region are similar to those of the parent silicon nitride region. One approach for achieving this is to prepare the joint using an insert material that mainly consists of silicon nitride, 3)5) and another approach is to prepare the joint directly without using an insert material.
6)8)
There have been some reports on joining silicon nitride without using an insert material. Kanzaki et al. 6) joined silicon nitride blocks at 14001600°C under an applied pressure of 20 MPa. The room-temperature flexural strength of the specimens joined at 1600°C was 533 MPa. Nakamura et al. 7) joined silicon nitrides at 1500°C for 1 h under a uniaxial pressure of 21 MPa and nitrogen gas pressures of 0.11 MPa. While voids were found at the joint interface at 0.1 MPa, the size of these voids became small when the nitrogen gas pressure was increased to 1 MPa. The roomtemperature joining strength increased with increasing nitrogen gas pressure. Silicon nitride joined at a nitrogen gas pressure of 1 MPa showed a flexural strength of ³400 MPa at room temperature. However, the joining strength significantly decreased to about 200 MPa when the temperature was increased to 1000°C. Owada et al. 8) joined silicon nitrides using an adhesive (Si 3 N 4 SiO 2 MgOCaO) and without using any adhesive at temperatures of 13501600°C under a mechanical pressure of 15 MPa. Both specimens joined at 1600°C®using and without using the adhesive®showed a room-temperature flexural strength of 360 MPa. The specimens joined at 13501500°C using the adhesive showed a room-temperature strength of about 160 MPa, which was higher than that of the specimens joined without using the adhesive. However, with regard to the high-temperature flexural strength of silicon nitride joints, advantages and disadvantages of joining without using an insert material are unclear.
In this study, large silicon nitride blocks were joined without using any insert material. Further, the microstructure, and flexural strength and its Weibull distribution of the joined silicon nitride block were examined and compared to those of the parent silicon nitride. In addition, the high-temperature flexural strength of the silicon nitride block joined without using any insert material was also studied, and was compared to that of silicon nitride joined using insert materials. ) of the silicon nitride blocks were machined with a #400 diamond grinding wheel. The blocks were joined at 1800°C for a holding time of 4 h under a nitrogen gas pressure of 0.9 MPa and a mechanical pressure of 11 MPa, as shown in Fig. 1 . The joined silicon nitride block was cut perpendicular to the joint surface for observing its microstructure of the joint region and for measuring the joining strength. Scanning electron microscopy (SEM; JEM-5600, JEOL Ltd., Japan) was used to characterize the microstructure of the joint regions. The surfaces of the specimens were polished with a 0.5-m diamond slurry and were then etched by plasma in CF 4 gas. The etched surfaces were observed by SEM. Specimens with dimensions of 3 © 4 © 40 mm were prepared from the joined silicon nitride and parent silicon nitride blocks for evaluating flexural strength. The joining strengths were measured at room temperature and 1000°C by using a four-point bending method (Sintech 10/GL, MTS Systems Corp., USA). The outer and inner spans were 30 and 10 mm, respectively, and the crosshead speed was 0.5 mm/min. Weibull plots were calculated from the measurements of room-temperature flexural strength by the median rank method. Figure 2 shows the SEM micrographs of etched surfaces around the joint interfaces between parent silicon nitrides. The arrows in the SEM images indicate the joint interfaces. Voids were scarcely formed at most of the joint interfaces [ Fig. 2(a) ], although a few small voids less than 5¯m in size were found in other areas of the joint interface [ Fig. 2(b) ]. The microstructure of the parent silicon nitride consisted of equiaxed and elongated grains. The equiaxed and/or elongated grains of the parent silicon nitrides appeared to be directly bonded to each other, resulting in the joint interface being hardly distinguishable from the parent silicon nitride region [ Fig. 2(c) ]. Nakamura et al. 7) joined silicon nitrides without using any insert material at 1500°C for 1 h under a uniaxial pressure of 21 MPa and a nitrogen gas pressure of 1 MPa; they reported that some voids were formed at the joint interface between the parent silicon nitrides. Kondo et al. 4) and Xie et al. 5) joined silicon nitrides by using insert materials, namely, silicon nitride powder and oxide powders containing silicon nitride, and reported that the microstructure of the joint region was similar to that of the parent silicon nitride region. Table 1 shows the room-temperature flexural strength and the fracture sites of specimens cut from joined silicon nitride block and parent silicon nitride. The joined specimens had an average strength of 622 MPa at room temperature, which was lower than the average strength of the parent silicon nitride, i.e., 737 MPa. 15) The number of specimens fractured from the joint interface was 25 out of 40. The average strength of the specimens fractured from the joint interface was 609 MPa, which was slightly lower than that of the parent silicon nitride region, i.e., 644 MPa. However, the strength of some specimens fractured from the joint interface was more than the total average value of 622 MPa, suggesting that strong bonding at the joint interface between parent silicon nitrides could be formed without using any insert material. Figure 3 shows the flexural strength distribution of test specimens cut from the middle of the joined silicon nitride block. The strength of the joined silicon nitride block did not show significant variability, although an inhomogeneous pressure is applied readily at the joint surface when large ceramic parts are joined using mechanical pressure. In addition, SEM observations of the fracture origin showed that the joined specimens did not fracture from the voids less than 5¯m in size at the joint interface (Fig. 4) . The size of the fracture origin was approximately 20¯m in the silicon nitride block joined without using any insert material, as calculated using Griffith's equation from the flexural strength and fracture toughness of the joined silicon nitride block. Moreover, the shape of the fracture origin assumed penny crack (Fig. 4) . Because the size of the voids at the joint interface was smaller than that of the fracture origin, the voids could not act as the fracture origin. Figure 5 shows the Weibull plots of the room-temperature flexural strength of 40 specimens cut from the silicon nitride block joined without using any insert material, and 20 specimens of the parent silicon nitride. The joined silicon nitride block had a Weibull modulus of 14.1, which was almost the same as that of the parent silicon nitride, i.e., 15.7. This means that the mechanical reliability of the large silicon nitride joint was comparable to that of the parent silicon nitride. Table 2 shows the high-temperature flexural strength at 1000°C and the fracture sites of specimens cut from joined silicon nitride block and parent silicon nitride. The high-temperature strength of the silicon nitride block joined without using any insert material reached an average value of 426 MPa, which was significantly lower than the room-temperature strength of 622 MPa, although the joined silicon nitride did not have any joint layer. In addition, the high-temperature strength of the parent silicon nitride was 535 MPa at 1000°C, which was higher than that of the silicon nitride block joined without using any insert material. The rates of decrease in the strength at 1000°C were 32% for the joined silicon nitride and 27% for the parent silicon nitride, clearly showing that the rate of decrease in the strength for the former was slightly higher than that for the latter. This is due to weak bonding between the parent silicon nitride grains at the joint interface. In fact, all the joined specimens fractured from the joint interface. In this study, joining silicon nitride blocks without using any insert material resulted in high room-temperature strength. It should be noted here that the joining temperature of 1800°C was higher than that applied in other joining techniques that do not use any insert material. 6)8) When insert materials were used for joining silicon nitride, the specimens joined under low mechanical pressures of less than 5 MPa had high room-temperature strength.
Experimental procedure

Results and discussion
5),16),17) Moreover, the rate of the strength decrease at 1000°C from room-temperature strength for the specimens joined without using any insert material in this study was almost equal to or higher than that for specimens joined using insert materials. 16)19) At temperatures higher than 1000°C, the rate of the strength decrease for the specimens joined without using any insert material could be lower than that for specimens joined using insert materials. Recently, we joined silicon nitride pipes by using a Si 3 N 4 Y 2 O 3 Al 2 O 3 SiO 2 insert for fabricating long silicon nitride tubular components, and observed that some elongated silicon nitride grains appeared to interpenetrate the interface between the parent and joint regions. 15) In this study, on the other hand, the interpenetration of elongated grains was not clearly observed at the joint interface. When an insert material such as oxide powders containing silicon nitride was not used for joining silicon nitride, less diffusion via a liquid phase was caused at the joint interface during joining, suggesting that the movement of silicon nitride grains through the joint interface would be difficult. The absence of interpenetration of the elongated grains is also caused by the formation of only a little amount of elongated silicon nitride associated with phase transformation from ¡-to ¢-silicon nitride grains during joining. The room-temperature flexural strength of the silicon nitride block joined without using any insert in this study was lower than that of the silicon nitride pipe joined using the Si 3 N 4 Y 2 O 3 Al 2 O 3 SiO 2 insert, which was ³680 MPa. 15) This is attributed to the formation of a weak joint interface owing to little interpenetration of elongated silicon nitride grains, as shown in Fig. 2 . In fact, the ratio of specimens fractured from the joint region in this study was higher than that of specimens joined using the Si 3 N 4 Y 2 O 3 Al 2 O 3 SiO 2 insert in the previous study. The hightemperature strength of the silicon nitride joined using the Si 3 N 4 Y 2 O 3 Al 2 O 3 SiO 2 insert would be due to softening of the joint layer derived from the insert. Although no insert material was used for joining silicon nitride in this study, the high-temperature flexural strength of the joined silicon nitride block was slightly lower than that of specimens joined using the Si 3 N 4 Y 2 O 3 Al 2 O 3 SiO 2 insert, i.e., 465 MPa. 15) Consequently, the lower high-temperature strength of the silicon nitride block joined without using any insert is attributed to the weak joint interface due to little interpenetration of elongated silicon nitride grains between the parent silicon nitrides. This was evidenced by the fact that all the tested specimens fractured from the joint interface, as shown in Table 2 .
Conclusions
Large silicon nitride blocks were joined without using any insert material. Further, the microstructure, and flexural strength and its Weibull modulus of the joined specimens were studied. The silicon nitride blocks sintered with Y 2 O 3 and Al 2 O 3 additives were used as the parent material, with dimensions of 50 © 50 © 20 mm and a joint surface area of 50 © 50 mm 2 . The blocks were joined without using any insert material at 1800°C for a holding time of 4 h under a nitrogen gas pressure of 0.9 MPa and a mechanical pressure of 11 MPa. The equiaxed and/or elongated silicon nitride grains of the parent silicon nitrides appeared to bond directly, indicating that the joint interface was hardly distinguishable from the parent region. However, the interpenetration of the elongated silicon nitride grains between the parent regions was not observed clearly at the joint interface. The roomtemperature flexural strength of the joined specimens reached 622 MPa. The number of the tested specimens fractured from the joint interface was 25 out of 40. The high-temperature flexural strength decreased to 426 MPa at 1000°C from the roomtemperature, i.e., 622 MPa, although no insert material was used for joining the silicon nitride blocks. All the tested specimens fractured from the joint interface. The joined silicon nitride block had a Weibull modulus comparable to that of the parent silicon nitride.
